2ϩ
-releasing receptors (InsP3Rs), and facilitates their activation by Ca 2ϩ (Berridge, 1993; Petersen et al., 1994; Clapham, 1995 Figure 1B ) reflecting the coordinated recruitment of a cluster of InsP3Rs, and propagatIntroduction ing Ca 2ϩ waves ( Figure 1C ). Ca 2ϩ blips were distinguished from Ca 2ϩ puffs by their kinetics and their Ca 2ϩ is a ubiquitous intracellular signal, controlling diamplitude. Ca 2ϩ release events were referred to as blips verse cellular functions (Berridge, 1993; Petersen et al., (1) if they reached maximal amplitude within 130 ms and 1994; Clapham, 1995) . In both excitable and nonexcit-(2) when they had amplitudes of Ͻ40 nM. Ca 2ϩ release able cells, Ca 2ϩ increases have a complex temporal and events were regarded as Ca 2ϩ puffs when (1) they spatial arrangement (e.g., oscillations and waves) (Lechreached their maximal amplitudes within 360 ms and leiter et al., 1991; Thomas et al., 1991) . Such global Ca 2ϩ when (2) their amplitude was Ն50 nM. Similar criteria signals have been suggested to result from spatially and were used to identify elementary events in Xenopus temporally coordinated recruitment of subcellular Ca 2ϩ oocytes (Parker and Yao, 1996) . Due to the acquisition release units (Bootman and Berridge, 1995; Lipp and rates of 7.5 or 15 Hz, the peaks of blips and puffs may Niggli, 1996) . These units represent the elementary be underestimated by a maximum of 25% (blip) or 10% building blocks of Ca 2ϩ signaling, but the principles un-(puff), as estimated by comparison with the kinetic data derlying their recruitment are largely unknown (Berridge, from a previous study Lipp and Niggli, 1994; Ló pez-Ló pez et al., 1995) could be evoked by the same histamine concentration and the Ca 2ϩ puffs in Xenopus oocytes (Yao et al., 1995) , (Figures 1A and 1B derived from different cells), these PC12 cells (Reber and Schindleholz, 1996) , and HeLa activities are not necessarily linked to actual InsP 3 concells . Such elementary Ca 2ϩ recentrations. However, although different elementary lease events are short-duration, highly localized signals Ca 2ϩ signals can be evoked by a fixed histamine concen- (Bootman and Berridge, 1995; Lipp and Niggli, 1996) , tration ( Figure 1A ), increasing agonist concentrations which dissipate rapidly owing to diffusion in the cytoenhanced the probability of a transition from nonregenplasm and sequestration into the intracellular stores.
erative Ca 2ϩ release ( Figure 2A ) to regenerative Ca 2ϩ waves ( Figures 2B and 2C) . Clearly, the crucial question is: what caused this transition? ‡ To whom correspondence should be addressed.
Regenerative responses are usually preceded by a "pacemaker phase" during which elementary events increased in either frequency ( Figure 3B ) or amplitude ( Figure 4) . The cell response shown in Figure 3Ba , for example, displayed an increasing frequency of elementary events prior to the onset of regenerativity, while their amplitude remained constant (Figures 3Bb and 3Bc) . Interestingly, the frequency and amplitude of the elementary signals in this cell were initially similar to the abortive cell in Figure 3A . However, whereas the latter displayed a slightly declining frequency, the increasing frequency in the regenerative cell enabled it to reach the threshold for global Ca 2ϩ signals ( Figure 3Bc ). The alternative behavior of elementary Ca 2ϩ release events during the pacemaker is illustrated in Figure 4 . In this cell, the frequency of elementary signals remained constant but their amplitude increased nearly 9-fold (from ‫02ف‬ nM up to ‫081ف‬ nM; Figures 4A, 4B, and 4D). Although the spatial spreading and amplitude of the signals increased, each elementary signal arose from the same subcellular locus (Figures 4E and 4G) . The spatial properties of the elementary signals were assessed by fitting Gaussian distributions to the signals at their peak amplitudes ( Figure 4F ). Normalizing and superimposing the Gaussian curves revealed that the increased lateral spreading and amplitude of the Ca 2ϩ release signals were due to an increased Ca 2ϩ release flux from a point source, and not spatial recruitment of neighbouring Ca 2ϩ release sites. Therefore, the growth of puff amplitudes described in Figure 4 was due to ing hierarchy was suggested (Bootman, 1996; Lipp and in the inset with corresponding colors. The top bar in each panel marks the duration of histamine application. Note that all cells ana- Niggli, 1996; Lipp and Bootman, signals with variable amplitudes originating from a common point source contradicts the notion of stereotypic One obvious change is that the frequency of the eleCa 2ϩ puffs. Instead, it appears that a variable number mentary events increased (Figure 2 ). Increases in freof InsP3Rs can be recruited from a cluster of InsP3Rs, quency and closer functional coupling between release thus revealing a continuum of elementary Ca 2ϩ signaling sites (Parker and Yao, 1991) are a consequence of the events. Within such a continuum, there is a minimal and higher intracellular InsP 3 levels that occur with stronger a maximal boundary, represented at one extreme by the stimulation of HeLa cells (Bootman et al., 1992) sulting from the recruitment of preferential subclusters cannot be excluded. This may explain previous observaproduces regenerative Ca 2ϩ waves. However, the failure to become regenerative was not due to a lack of elementions of apparently stereotypic Ca 2ϩ puffs (Yao et al., 1995; . In support of this, growth tary Ca 2ϩ release activity (e.g., Figures 2A and 3A) . Instead, such failures reflect the inability of cells to reach in the magnitude of elementary events was observed in a minority of cells (5%, n ϭ 700 cells). a threshold for global Ca 2ϩ waves. , it can be sites that were observed to be contributing to pacemaking was six. The reason that cells utilize a variable numassumed that functional Ca 2ϩ releasing units are widely distributed. However, these units are clearly not uniform ber of release sites during the pacemaker phase is unclear. There was no obvious correlation between cell in their function, as only a few cellular regions exhibit elementary signals during the pacemaker phase. In fact, size or dimension and the number of sites. In addition, repeated stimulation of the cells always recruited the in the majority of cells (Ͼ60%, n ϭ 700) only a single same elementary release sites (e.g., Figure 2 ). These this region did not alter in frequency or amplitude, suggesting that it would not by itself cause regenerativity. As observations suggest that the elementary release sites active during the pacemaker phase were distinct from the pacemaker phase proceeded, additional elementary release units were recruited from neighboring regions, those simply aiding Ca 2ϩ wave propagation (e.g., they possessed a higher sensitivity to stimulation). This indiresulting in a gradual increase of the cumulative release frequency ( Figure 5C Although pacemaking advances in either frequency, amplitude, or spatial domains, not all attempts to achieve Recruitment in the Spatial Domain The spatio-temporal properties of pacemaker responses regenerativity were equally successful. In cases such as that shown in Figure 6 , the synergistic interplay bewith multiple elementary sites were more complex than those with only a single site. However, the same princitween all three domains was necessary. This cell displayed two successive pacemaker phases (graded bars ples of frequency and/or amplitude recruitment accounted for regenerative responses in these cells. An in Figure 6B ), despite continuous agonist stimulation. Pacemaker phase 1 resulted in an abortive response, example showing the recruitment of multiple release sites is illustrated in Figure 5 . This cell displayed five while pacemaker phase 2 evoked a propagating Ca 2ϩ wave. Presumably a change in the balance between the distinct release sites along the line scanned. One site (trace 4 in Figure 5B ) was eager during the pacemaker positive and negative feedback mechanisms caused the first pacemaker to fail, but the frequency, amplitude, phase, since it displayed a higher release frequency than the other identified sites. However, the signals from and spatial recruitment of Ca 2ϩ release sites advanced sufficiently during the second phase to trigger regenerativity.
The failure of pacemaker phase 1 provides important evidence as to the nature of the threshold for regengested a critical Ca 2ϩ threshold for regenerativity (Friel and Tsien, 1992; Iino et al., 1993) . erativity. Although we have demonstrated that in those cells which become regenerative, the pacemaker activDespite revealing that regenerativity occurs by advancing elementary events in the three domains to give ity always progressed at least in one of the three domains, we suggest that elementary events themselves a threshold [Ca 2ϩ ]i, two fundamental questions remain: 1) what happens locally to advance the elementary sigare not the direct cause for regenerativity. It appears that the elementary events during pacemaking drive the nals, and 2) what happens globally to evoke regenerativity when threshold is reached? The answers to these ambient [Ca 2ϩ ]i toward the threshold ( Figure 6B ). 
